Ultrasound guidance allows real-time identification of relevant anatomy and needle position when performing brachial plexus regional anaesthesia. The aim of this investigation was to determine whether the use of surface ultrasound could improve the quality of brachial plexus anaesthesia for upper limb surgery. Forty patients were randomized to either conventional "landmark-based" plexus anaesthesia, or to an ultrasound-guided approach using a 13 mHz linear array transducer. Both interscalene and axillary techniques were used. The use of ultrasound significantly improved the onset and completeness of sensory (P=0.011) and motor (P=0.002) block. Ultrasound guidance also significantly reduced (P=0.012) the incidence of paraesthesia during the performance of the blocks. Ultrasound guidance increases the quality of sensory and motor blockade in brachial plexus regional anaesthesia, and by reducing the incidence of paraesthesia during performance of the blocks, may confer greater safety.
Ultrasound-guided nerve blocks may confer greater accuracy and safety in regional anaesthesia 1, 2 . Anatomical variation or trauma to the region can result in poor localization of nerves when using a landmark technique for regional blockade, and result in failed anaesthesia or cause morbidity. In the upper limb, surface ultrasound can clearly identify neural elements of the brachial plexus as well as surrounding structures [3] [4] [5] . This enables a needle to be positioned accurately near a brachial plexus cord, division, or nerve, and the spread of injectate monitored in real time. By contrast, when using conventional techniques 6 , nerve position is inferred by using surface anatomical landmarks with or without neurostimulation. This essentially involves 'blind' percutaneous injection of local anaesthetic agent. Landmark techniques are often successful, but with use of a nerve stimulator to target individual nerves, the volumes of injectate may be reduced and accuracy improved 7 .
The aim of this study was to investigate whether the use of ultrasound to guide interscalene and axillary brachial plexus blockade could improve the quality of anaesthesia, and reduce the incidence of paraesthesia during block performance in comparison to conventional landmark-based techniques.
METHODS
Following approval from our Institutional Human Ethics Committee, written informed consent was obtained from forty patients scheduled for elective upper limb surgery. A minimal sample size of 17 (alpha of 0.05 and power of 0.8) was based on an estimated 20% improvement in the completeness of upper limb anaesthesia. Patients were randomized to receive brachial plexus anaesthesia, using surface anatomical landmarks alone (control group, n=20), or surface ultrasound guidance when performing the block (ultrasound group, n=20). Patients having shoulder surgery received an interscalene and superfi cial cervical plexus block, whilst an axillary approach to the brachial plexus was used for wrist and hand surgery. The same operator performed all blocks (PS). Exclusion criteria included pre-existing P. F. SOEDING, S. SHA ET AL Anaesthesia and Intensive Care, Vol. 33, No. 6, December 2005 neurological defi cit, local sepsis, respiratory failure, or a request for general anaesthesia.
Anaesthetic procedure
Each patient was sedated with midazolam 1 to 5 mg, and given supplemental oxygen. Care was taken to ensure that they remained responsive to verbal stimuli. Following needle placement as described below for both control and ultrasound groups; ropivacaine (0.75% solution for interscalene block, and 0.6% for axillary block) was injected to a total dose of 3 mg/kg. A larger volume was used in axillary blockade to facilitate proximal spread, but the total mass of local anaesthetic administered was equivalent in both approaches. During surgery, additional sedation with intravenous fentanyl 50 to 100 mg and further midazolam 1 to 3 mg was administered. Patients undergoing shoulder surgery were placed in the "beach chair" position, and hand surgery performed in the supine position. Postoperative analgesia then involved a regimen of parecoxib, tramadol, paracetamol and rescue opioid injection.
Control group
In the control group, patients received regional blockade with the needle entry point determined by landmark palpation alone. For interscalene brachial plexus anaesthesia, patients were placed supine with their head turned away from the operative shoulder. The interscalene groove was palpated beneath the skin, identifi ed as a gutter formed between the anterior and medial scalene muscles at the level of the cricoid cartilage. A local anaesthetic skin wheal was raised and a 5.0 cm 22 gauge short-bevelled needle was inserted perpendicular to the skin and advanced between the scalene muscles slowly so that the needle tip lay at a depth of 0.5 to 1.0 cm within the groove. Paraesthesia was not purposely sought and if the patient described discomfort or painful paraesthesia, the needle was withdrawn 1 to 2 mm. Local anaesthetic solution was then injected in titrated doses, with aspiration between doses to identify intravascular placement. If severe pain occurred during injection the needle was withdrawn 1 to 2 mm before reinjection.
For the axillary approach, patients were placed supine with the operative limb abducted at the shoulder and the elbow fl exed, avoiding excessive abduction of the arm. The axillary artery was palpated continuously high in the axilla, in the bicipital groove formed by coracobrachialis and biceps muscles. By carefully rolling the artery, a perception of its depth beneath the skin surface was obtained. Following a local anaesthetic skin wheal, a 5.0 cm short-bevelled needle was inserted 20° to the skin surface either superiorly, above the axillary artery or inferiorly, below the axillary artery. A superior position was chosen when it was felt the surgical site was predominantly innervated by the median nerve, and inferiorly when innervation was predominantly from the ulnar nerve. The needle was advanced slowly towards the apex of the axilla and parallel to the proximal axillary artery. Advancement was stopped when it was felt that the needle tip was in close proximity to the artery. Often a fascial 'click' or oscillation of the needle shaft was felt. Paraesthesia was not purposely sought. If paraesthesia was elicited, advancement was halted and the needle withdrawn 1 to 2 mm. Anaesthetic solution was then injected in titrated doses with aspiration between doses to identify intravascular placement. Pressure was applied distal to the injection site to facilitate the spread of agent.
The technique described above has acceptable success in the hands of this operator who performs regional anaesthesia regularly, and is a technique used widely by many anaesthetists.
Ultrasound group
For patients undergoing shoulder surgery, the interscalene groove was identifi ed at the level of the cricoid cartilage, using a 13MHz ultrasound probe (Siemens Sonoline, Siemens AG, Munich, Germany) placed within a sterile sheath. Images of the brachial plexus were obtained in transverse and longitudinal planes and colour fl ow Doppler sonography was used to identify vascular structures. The needle was placed through the skin beneath the end of the transducer footplate and directed under the transducer until it was identifi ed on the ultrasound image. Needle advancement was directly visualized, and the tip directed to lie in close proximity to the trunks of the brachial plexus. Similarly, in patients requiring axillary plexus anaesthesia for wrist or hand surgery, the ultrasound probe within a sterile sheath was placed over the axillary vessels just below the level of pectoralis minor muscle. Using the transverse view, the needle tip was then advanced until it appeared to lie in close proximity to the axillary artery and branches of the brachial plexus within the axilla. For both approaches the needle tip was guided so that contact with vascular or neural structures was avoided. Similarly, the spread of injectate was directly visualized and needle tip placement was adjusted during injection to maximize spread around individual nerves. A sole operator (PS), who had gained experience in ultrasound-guided plexus anaesthesia, performed the blocks. Previous tuition from a radiologist (PM) enabled performance of ultrasound guidance and interpretation of sonograms. Performance of these blocks did require the assistance of a nurse, which is our normal practice for all regional anaesthesia.
Endpoints

Pre-surgery
In all patients the incidence of paraesthesia, vascular puncture or other complication during the performance of the block was recorded. The notunpleasant sensation of pressure felt down the arm ("pressure paraesthesia") is commonly described on injection and was distinguished from the painful electric-like sensation characteristic of direct needle contact with a nerve ("painful paraesthesia"). All patients were monitored for signs of local agent toxicity, respiratory diffi culty or haemodynamic change following brachial plexus anaesthesia.
Assessment of sensory and motor block was made independently by a second investigator. Following injection, the extent of upper limb anaesthesia was evaluated at 10 and 20 minutes. A sensory block was assessed by the response to ice in the eight areas of the upper limb innervated by separate cutaneous nerves (axillary nerve, lateral and medial cutaneous nerves of arm, lateral and medial cutaneous nerve of forearm and the radial, medial and ulnar areas of innervation of the hand). For each region patients either had normal sensation (score 0), or reduced sensation (score 1). A composite sensory score out of a potential 8 was obtained.
Motor block was assessed by examining eight muscle groups of the upper limb. For interscalene blocks muscle power was tested by assessing shoulder fl exion, extension, abduction and adduction, as well as elbow and wrist extension (radial nerve), elbow fl exion (musculocutaneous nerve) and wrist fl exion (median nerve). For the axillary approach muscle power was tested by assessing elbow, wrist and metacarpophalangeal joint extension (radial nerve), fore arm pronation, fl exion of wrist and abduction of thumb (median nerve), abduction of the 5th fi nger (ulnar nerve), and fl exion of elbow (musculocutaneous nerve). Function of motor nerves was graded as either no change, reduction of contraction or loss of contraction; where they received scores of 0, 1 or 2 respectively. A composite motor score using these eight muscle groups was, giving a potential score out of 16.
The rationale for using both interscalene and axillary approaches to brachial plexus anaesthesia in this study was based on the belief that when accurate placement of agent within the neurovascular sheath is achieved then extensive anaesthesia of the plexus should occur. This will be refl ected in anaesthesia of nerves innervating the upper limb distally. Differences in the patterns of distribution do exist for both these approaches, such as ulnar sparing in the case of interscalene block, and lack of shoulder anaesthesia with axillary block. For this reason the composite motor scores for shoulder block varied to that for distal arm and hand assessment.
Intraoperative
The need for supplemental local anaesthetic infi ltration or conversion to general anaesthesia was recorded if the block was incomplete for surgery.
Postoperative
Sensory and motor function of the upper limb was evaluated as above by a single investigator at the end of surgery in the post-anaesthetic care unit (PACU). Pain scores were assessed using a visual analogue scale on a 1 to 10 scale. Pain in PACU, at 12 hours post-surgery, and the worst pain during the hospital stay were recorded. The presence of persistent paraesthesia or hyperaesthesia, indicating possible needle-induced neurapraxia was specifi cally asked for before discharge, and again at day 7 by phone interview. Patient satisfaction with their anaesthetic care was requested using a 1 to 10 scale, with 10 representing excellent satisfaction.
Statistical analysis
All continuous variables were analysed using 2-way ANOVA; or with RM-ANOVA for measurements performed over multiple time intervals. Categorical variables (2X2 tables) were analysed by performing an exact test on the odds-ratio for each variable. The incidence of paraesthesia (3X2 table) was analysed using the Fisher-Freeman-Halton test. Ordered categorical data, such as the composite sensory or motor scores were analysed with the Cochrane-Mantel-Haenszel test on singly-ordered rXc data, in its exact form. For all analyses, a P value of less than 0.05 was considered signifi cant. Statistical packages used were SPSS 10.0.5 statistical software, StatXact v. 6 and Cytel Studio.
RESULTS
Demographic and perioperative data are presented in Table 1 . There were no differences in these variables between groups. Three patients had inadequate analgesia for surgery and required conversion to general anaesthesia (2 control, 1 ultrasound). No supplementation with local anaesthetic infi ltration was required for the remainder. There was no signifi cant difference found between the two groups for the duration of analgesia from brachial plexus anaesthesia (control, 10.3±0.62 h; ultrasound, 11.2±0.59 h; P=0.271). Arterial puncture occurred three times for the axillary approach in the control group, but none in the ultrasound group (P=0.281).
The onset and extent of sensory anaesthesia for individual nerves at 10 and 20 minutes and immediately following surgery is shown in Figure 1 . Patients in the ultrasound group had more nerves anaesthetized at both 10 and 20 minutes. For each sensory nerve, it can be seen that there were a greater number of patients with sensory block in the ultrasound group, though the difference lessens with time. The results for the composite scores ( Figure 2 ) showed that the P. F. SOEDING, S. SHA ET AL onset of sensory block was signifi cantly faster in the ultrasound-guided group (P=0.011).
The onset and extent of motor blockade at 10 and 20 minutes and immediately post-surgery is shown in Figure 3 . For each motor nerve, there were more patients with motor paresis in the ultrasound group at 10 and 20 minutes. In particular the musculocutaneous and ulnar nerves showed the greatest difference between the groups. The composite motor scores (Figure 4 ) indicate that the motor block was sig nifi cantly better in the ultrasound-guided group (P=0.003).
The incidence of paraesthesia during block installation was signifi cantly higher in the control group (P=0.012). No patient suffered seizure or neurapraxia. All patients in the study, except for one in the control group, were very satisfi ed with the regional anaesthetic technique and would accept another brachial plexus block if further surgery was required. ULTRASOUND-GUIDED BRACHIAL PLEXUS ANAESTHESIA 
DISCUSSION
Our study shows that brachial plexus anaesthesia performed with ultrasound guidance reduces the onset time and improves the quality of both sensory and motor block. Secondly, the incidence of paraesthesia during block installation is signifi cantly reduced. This may minimize the incidence of neurapraxia associated with upper limb anaesthesia 8 . Importantly, this is the fi rst randomized trial of ultrasound-guided brachial plexus blockade in adult upper limb surgery using interscalene and axillary approaches. Previous studies 1, 5, 7, 9 have also found ultrasound-guided brachial plexus anaesthesia to have a high rate of success and a low incidence of complications such as neural or vascular damage. However these studies have either targeted different anatomical sites or have compared ultrasound guidance to neurostimulation technique, and have predominantly used lower frequency ultrasound transducers. Our success may relate to the use of a high frequency probe to provide high fi delity defi nition of neural structures (an example of the fi delity of imaging is shown in Figure 6 ).
We used both interscalene and axillary approaches because these are commonly used in our practice of upper limb anaesthesia. All but three patients underwent surgery with brachial plexus anaesthesia and sedation alone, indicating a high rate of successful blockade in both groups within 20 to 30 minutes post injection. This result is similar to Ootaki et al 5 who used solely ultrasound-guided infraclavicular brachial plexus anaesthesia for upper limb surgery, obtaining a success rate of over 90%. The success of ultrasound guidance lies in the ability to identify needletip position and localize this to neural and vascular structures. This may prevent direct mechanical contact and trauma to nerves as well as minimize the risk of intravascular injection. Direct contact between needle and nerve may elicit paraesthesia, which could be associated with nerve trauma. In this study, neural elements were clearly visualized as hyperechoic rimmed nodules and vascular structures identifi ed with colour fl ow Doppler ultrasound 3, 4 . A recent study using high frequency ultrasonography 6 showed nerves to be mobile, moving away or to the side when approached by a needle. Such mobility is itself likely to be a safeguard against needle injury. Additionally, even when paraesthesia is elicited by mechanical contact, nerves may remain insensitive to a neurostimulating current discharged from the needle-tip. In such cases, ultrasound can further guide repositioning of needles to enable an appropriate elicitation of motor response. In contrast, surface landmark approaches require blind insertion of the needle, and traditionally have relied on elicitation of paraesthesia to confi rm nerve position. In our technique paraesthesia was not sought, and any paraesthesia that occurred was unintentional.
In this study, ultrasound guidance gave greater scores for both sensory and motor anaesthesia compared to control at 10 minutes, indicating a more accurate placement and spread of agent. Nerves may be compartmentalized within the axillary sheath by septa, preventing the spread of anaesthetic agent. Kapral et al 7 noted that the spread of local anaesthetic could be viewed with ultrasound imaging, and it could be observed whether all nerves were surrounded by solution. Repositioning of a needle can then be facilitated to anaesthetize individual nerves under direct vision. Further, as injection pro-P. F. SOEDING, S. SHA ET AL ceeds, expansion of the plexus sheath is monitored to ensure that the needle-tip remains located within the sheath. This is particularly important as sheath expansion itself causes a distortion of anatomy, and may lead to displacement of the needle tip outside the brachial plexus sheath, and less accurate injection of local anaesthetic agent. Again the needle tip can be repositioned if displacement occurs.
Landmarks are a guide to nerve position but can vary with individual patients. For example, the use of sonography has demonstrated that anatomical landmarks may need to be modifi ed when performing infraclavicular vertical brachial plexus block 10 . Palpation of landmarks can cause distortion of underlying anatomy as well as immobilizing neural elements. This can lead to inaccurate needle placement and also prevent retraction if needle contact occurs. Gentle surface application of an ultrasound probe does not distort underlying tissues and provides information about individual anatomy.
The limitations of this study include the lack of blinding for study participants. This would have been impractical in the study hospital location. Patients were sedated prior to block insertion, which may blunt their recollection of events. Because of the small study size, interscalene and axillary blocks were grouped together to analyse the effect of ultrasound use with either approach. The pattern of plexus block does vary with each approach, and as such we have tried to compensate for this through our scoring system. Ultrasound interpretation and performance is operator-dependent. Ultrasound-guided regional anaesthesia does require practice and a preliminary training period is a prerequisite for successful performance. There is a learning curve associated with training in ultrasound techniques, which requires recognition of sonographic anatomy as well as the development of hand-eye co-ordination in accurate needle positioning.
Ultrasound-guided plexus anaesthesia does 'bring light' into regional anaesthesia 11 , and can be applied to everyday clinical practice. The use of ultrasound improves the quality and onset of interscalene and axillary brachial plexus blocks and reduces the incidence of paraesthesia, during block performance when compared to a surface-landmark-based technique.
